Spontaneous mutators of Salmonella typhimurium LT2 were generated by inserting the transposable element Tn5 or TnlO into the bacterial chromosome. Two mutators mapped at the position of the mutH and mutL loci of S. typhimurium, and two other mutators mapped at positions corresponding to the mutS and uvrD loci of Escherichia coli. A fifth mutator, mutB, did not map at a position corresponding to any of the known mutators of S. typhimurium or E. coli. The mutH,L,S and uvrD alleles increased the frequency of both spontaneous base substitution and frameshift mutations, whereas the mutB allele increased the frequency only of spontaneous base substitution mutations. The increased frequency of base substitution mutations was recA+ independent in the mutH, mutL, and uvrD strains and partially recA+ independent in the mutS strain. The uvrD mutation decreased the resistance of the cells to killing by ultraviolet irradiation. The mutH,L,S and uvrD strains showed an increased sensitivity to mutagenesis by the alkylating agents methyl methane sulfonate and ethyl methane sulfonate, but not to mutagenesis by 4-nitroquinoline-1-oxide.
A number of spontaneous mutator mutants have been isolated in bacteria, yet the biochemical mechanism by which most of these mutants increase the spontaneous mutation rate is still unclear (5) . The phenotypes of at least some of these mutators may be due to the loss of systems within the cell which are involved in the maintenance of genetic fidelity. In principle, the products of mutator genes might act in preventing the introduction of incorrect bases during DNA synthesis, or they might participate in the removal ofsuch incorrect bases and the restoration of the correct bases.
Several genetic phenomena, including high negative interference (45) and gene conversion of A heteroduplexes (26, 41, 46) , have suggested the existence of a process which converts mismatched base pairs to normal base pairs (28, 40) . For such a system to effectively repair mismatches arising as replication errors, it must have some way of recognizing the parental strand so that the correct base pair can be restored. The results of transfection experiments with heteroduplex A DNAs that differ in their degree ofmethylation and carry different genetic markers (30) have led to the suggestion that the presence of N6-methyladenine in the parental strand allows it to be discriminated from the newly synthesized (unmethylated) daughter strand. Such methylation occurs at GATC sequences in both Escherichia coli and Salmonella typhimurium (19, 21) ; in E. coli, the product of the dam gene has been identified as being responsible for this methylation (20) .
Recently, it has been suggested that the mismatch repair directed by dam methylation is carried out by the products of the E. coli mutH,L,S and uvrD genes (7, 8, 29, 30) . This hypothesis is based on the observation that a mutation in any one of these genes results in a higher spontaneous mutation rate (5) , an increased susceptibility to mutagenesis induced by the base analog 5-bromouracil (31) , and a decrease in the ability of the cell to carry out gene conversion of X heteroduplexes (26, 31) . In addition, a mutation in mutH, mutL, or mutS suppresses the sensitivity of dam strains to the base analog 2-aminopurine.
We have generated spontaneous mutators of S. typhimurium by the insertion of the transposable drug-resistance elements Tn5 and TnlO into the chromosome. In this paper, we report the isolation and characterization of these mutators and the increased sensitivity of the mutH,L,S and uvrD strains to mutagenesis with methylating and ethylating agents.
MATERIALS AND METHODS
Bacterial strains. All bacterial strains listed in Bacteria,  GW2  GW3  GW45  GW49  TA92  TA1950  GW54 (TA2322)  GW1702  GW1714  GW1808  GW1809  GW1810  GW1813  GW1814  GW1816  GW1817  GW1819  GW1820  GW1709  GW1721  GW1825  GW1826  GW1827  GW1764  GW1704  GW1716  GW1822  GW1823  GW1824  TK219  GW1767  TR5688  GW1768  TR301  DB7572  GW1765  GW1766   P22 (18) . After 1 h at room temperature, cells were plated on green-ethylene glycol-bis(B-aminoethyl ether) N,N'-tetraacetic acidtetracycline plates to select for cells carrying TnlO insertions in the host chromosome. Tcr colonies were stabbed onto master plates and then replica plated on tetrazolium-galactose indicator plates containing tetracycline. After 3 days at 37°C, the number of white Gal' papillae on each patch was scored. Colonies which produced an abnormally high number of Gal' papillae were purified and retested for the mutator effect on gal-6 reversion. In addition, prospective mutators were patched onto M9-glucose plates supplemented with limiting (5 ,uM) histidine to determine whether there was a mutator effect on hisG46 reversion. All of the colonies which were eventually identified as mutators increased the spontaneous reversion of both gal-6 and hisG46. In addition, we later showed that the mutators had the same effect on spontaneous mutation frequency regardless of whether the plasmid pKM101 was present in the strains.
Insertions of Tn5 in mutator genes were obtained by the same general procedure as that described above for TnlO insertions, except exponentially growing cells of strain GW2 (43) were infected by the Tn5-containing phage DB2026 and after 30 min the cells were plated on LB-kanamycin plates.
Genetic mapping. In cotransduction experiments, recipient cells were infected at a multiplicity of infection of 1 to 2 with P22 int3-transducing lysates grown on mutator strains. In most instances, either Kmr or Tcr transductants were selected on rich medium and then replica plated on the appropriately supplemented M9-glucose plates to assess the linkage of the mutator to a nearby auxotrophic marker. In the transductional cross of mutS121::TnlO with GW1767, cys+ transductants were selected and then replica plated on LBtetracycline plates to determine genetic linkage between these two markers. Since the cotransduction frequency between cysCD519 and mutS121::TnlO was very low, all of the cys+ Tcr transductants were checked for the presence of the mutator phenotype to ensure that we were observing true transductional linkage rather than TnlO transposition events.
To establish linkage between uvrD421::Tn5 and cya-408, DB7527 was infected at a multiplicity of infection of less than 0.05 with a P22 HT 12/4-transducing lysate carrying uvrD421::Tn5 and Kmr tramductants were selected. This low multiplicity of infection was necessitated by the fact that Kmr cya transductants were rarely observed when the experiment was performed at a multiplicity of infection of greater than 1, presumably because cya cells are preferentially lysed by free phage on the selective plate (12) . Kmr transductants were screened for the presence or absence of cya-408 by replica plating onto MacConkey agar-ribose plates.
In the Hfr three-factor cross (GW1765 x GW1766), exponentially growing donor and recipient cells were mixed together at a ratio of 2:1 and incubated at 37°C without shaking. After 3 h, the cells were diluted, blended in a Vortex mixer, and plated on M9-glucose plates supplemented with 50 ,ug of histidine per ml to select cys+ exconjugants. After purification to single colonies, the cys' exconjugants were stabbed onto master plates and replica plated on LB-tetracycline and LB-kanamycin plates.
Spontaneous mutation frequencies. Independent cultures of each strain were obtained by inoculating 2 ml of LB with less than 100 cells. To determine the reversion frequency of hisG46 or hisD3052, independent stationary cultures were washed and suspended in 0.85% saline, and then 0.1 ml of each culture was plated on M9-glucose plates to detect His+ revertants. Nalidixic acid resistance (Nal') and rifampin resistance (Rif) mutations were detected by plating 0.1 ml of cells from independent cultures on LB-nalidixic acid and LB-rifampin plates. Cell titers were determined on M9-glucose plates supplemented with histidine. The mutation frequency reported for each strain is expressed as both the mean and median of 5 to 13 independent cultures. If a culture had more than five times the mean number of mutants, it was excluded from the calculation of the mean and standard deviation (7) . UV killing and chemical mutagenesis. The procedures used to measure UV killing (43) and to measure mutagenesis by MMS, EMS, and NQO (2) have been described previously.
RESULTS

Isolation of S. typhimurium mutators.
Derivatives of the S. typhimurium LT2 strain GW2 or GW3 (43) containing insertions of Tn5 or TnlO were screened for changes in spontaneous mutation frequency by using the gal --Gal' papillae test described previously (43) . Six strains containing TnlO insertions, or approximately 0.1% of the TnlO insertion derivatives screened, produced a relatively large number of white Gal' revertant papillae on galactose indicator plates and were thus initially identified as insertions in mutator genes. Similarly, three independent Tn5 insertion mutants of the 10,000 Tn5 insertion derivatives examined were identified as mutators on the basis of their ability to increase the reversion frequency of the gal-6 missense mutation.
Genetic mapping and identification of mutator genes. When the mutators were transduced into other strains, we found that the mutator phenotype was 100% linked to the drug resistance, an observation which facilitated their genetic analysis. The mutators were mapped by performing a series of Hfr crosses, or P22 cotransduction experiments or both, using genetic markers that map near known mutator loci in S.
typhimurium or E. coli (3, 33 Table 2 ). More specifically, mutL and mutH mutants have been described in both S. typhimurium (16; C. Gritzmacher, personal communication) and E. coli (11, 36) , and we have identified two of the classes of mutators as mutH and mutL based on their linkages to thyA and purA, respectively ( Table 2 and Fig. 1 ).
Mutations in uvrD and mutS have not previously been reported for S. typhimurium. In E. coli, the uvrD locus maps between cya and metE, and the mutS locus maps between srl and cysC. One Tn5 insertion causing a mutator phenotype was cotransducible with both cya and metE ( Fig. 1) . However, analysis of cys+ exconjugants resulting from a cross between a srl::Tn5 strain and a cysCD519 mutS121::TnlO strain indicated that the gene order was srlmutS-cysC (Table 3 and Fig. 1) . As a result, this class of mutations represented by mutS121:: TnlO has been assigned to the S. typhimurium mutS gene by analogy with E. coli (35) . The phenotypic chracterization of these mutators discussed below is consistent with the assignments of these insertions to the mutH,L,S and uvrD genes.
The tial effect on the ability of a cell to survive exposure to UV irradiation. The uvrD421::Tn5 mutation greatly reduces cell survival after UV irradiation as compared with the parental strain, GW45 (Fig. 2) . However, the deficiency in UV repair associated with uvrD421::Tn5 is not as severe as the deficiency caused by deletion of the uvrB gene, which inactivates the excision repair pathway (Fig. 2) . This result is similar to the observations reported for the corresponding mutants in E. coli (34). The other mutator strains exhibit the same level of UV sensitivity as does the parental strain or perhaps a slightly increased resistance.
Spontaneous mutation frequency in mutator strains. The effect of the mutators on the occurrence of spontaneous base substitution mutations is summarized in Table 4 . We have examined the frequencies of forward mutation to nalidixic acid and rifampin resistance and reversion of the hisG46 missense mutation to His'.
The hisG46 mutation is due to an AT -* GC transition which results in a proline instead of a leucine in the hisG protein (W. Barnes, personal communication). In general, mutH,L,S and uvrD are stronger mutators than is mutB. However, there are some quantitative differences between these four mutators. For instance, mutH101:: Tn5 produces a larger increase in spontaneous mutation to rifampin resistance than does mutS121::TnlO, and mutLlll::TnlO causes a higher frequency of mutation to nalidixic acid resistance than does uvrD421::Tn5.
Strains containing various combinations of two mutators were also constructed, and their spontaneous mutation frequencies were examined (Table 4) in an effort to deduce the relationship between different mutator genes. In general, the combination of mutants of mutL or mutS with deficiencies in mutH or uvrD did not show the additive effects on spontaneous mutation which would be expected for genes affecting independent processes. However, the data for some of the mutator combinations were not entirely consistent with mutH,LS and uvrD being involved in a common pathway of mutation prevention. For example, the mutLIll uvrD421 combination had a higher frequency of hisG46 reversion to his' than did mutLlll or uvrD421 alone. However, this same combination had a less than additive mutation frequency for Rif and had a much lower frequency of mutation to NalY than did mutLIlI alone. The significance of the latter result is not yet understood, but similar marker-dependent effects have been observed by Glickman and Radman (7) . The only combination of two mutators which showed a significant increase in spontaneous mutagenesis for all three markers examined was the mutS121 mutB131 double mutant, and in this instance, the mutation frequencies for Nalr and Rif' were even greater than the sum of those for mutS121 and mutB131.
Spontaneous frameshift mutagenesis. Each mutator was introduced into a strain carrying the hisD3052 mutation to study its effect on frameshift mutagenesis. The hisD3052 mutation is a -1 deletion of a guanine. cytosine base pair and is highly revertable by a variety of frameshift mutagens (13, 22) . Table 5 shows that a mutation in mutH,L,S or uvrD increases the spontaneous frequency of hisD3052 reversion approximately 10-fold. In contrast, mutB131 has no detectable effect on spontaneous frameshift mutagenesis.
Effect of a recA mutation on mutator phenotypes. Although UV-induced and much chemically induced mutagenesis is recA+ dependent in S. typhimurium (23, 25) , most of the spontaneous mutagenesis attributed to deficiencies in mutH,L,S, uvrD, and mutB is recA+ independent. As can be seen by comparing the data in Table 6 with those in Table 4 , the introduction of the recAl mutation into these mutator strains did not abolish the increased frequency of spontaneous mutation to rifampin resistance and nalidixic acid resistance. This observation is generally consistent with the recA+ independence of the corresponding mutators described in E. coli (5) . In the case of mutS121, the recAl mutation appeared, in repeated experiments, to reduce the mutator effect on mutation to nalidixic acid resistance but not on mutation to rifampin resistance. It is not clear whether the reduction of the frequency of mutation to nalidixic acid resistance in the mutS121 recAl strain is a real decrease resulting from the introduction of the recAl mutation or an apparent decrease resulting from a loss of fitness of some of the nalidixic acid-resistant mutants.
Effect of mutators on chemical mutagenesis. The mutations in mutH,L,S and uvrD not only increase the frequency of spontaneous mutations, but also make the cells more susceptible to mutagenesis by certain chemical mutagens (Table 7 ). In particular, these mutator strains are more sensitive than is the parental strain to mutagenesis by the smaIl alkylating agents MMS and EMS. However, the mutH,L,S and uvrD mutants did not seem to cause a significant increase in susceptibility to mutagenesis by NQO.
In contrast, the mutagenesis-enhancing plasmid pKM101 increases susceptibility to MMS and NQO mutagenesis, but not to EMS mutagenesis. Thus, the mechanism by which these mutator mutations increase chemical mutagenesis appears to be different from that by which pKM101 increases chemical mutagenesis. Moreover, a AuvrB (1) mutant which is deficient in excision repair is more sensitive to NQO mutagenesis than is a uvr' strain, but not to mutagenesis by MMS and EMS. Thus, the increased sensitivity of the mutator strains to MMS and EMS mutagenesis does not seem to result from loss of uvr'-dependent excision repair. In addition, the effects of the mutators on chemical (23) . In contrast to the mutH,L,S and uvrD mutations, the mutB131 mutation did not alter the susceptibility of the cells to chemical mutagenesis.
DISCUSSION
The uvrD mutator differs from mutH, mutL, and mutS by causing sensitivity to killing by UV irradiation. However, in other respects, these four mutators have a number of similarities. They cause large increases in the frequency of a number of base substitution mutations and also increase the frequency of reversion of a frameshift mutation. In this respect, they are similar to the corresponding E. coli mutators which have been shown to increase the frequency of transition and frameshift mutations (6, 11, 34, 36, 37) . In contrast, the mutB mutator did not affect the reversion of a frameshift mutation, and its effects on base substitution mutations seemed less general than those of the other mutators. Since all of the mutators were generated by the insertion of a transposable element, it seems likely that their phenotypes result from a loss of function. This conclusion is consistent with the fact that, in E. coli, frameshift mutants of mutH and mutS have been isolated (10) .
A number of observations in E. coli have suggested that mutH,L,S and uvrD exert their effects on spontaneous mutation rate via some common pathway (5, 7, 31) or related pathways. In general, the less than additive effects on the spontaneous mutation rate of pairwise combinations of these mutators in S. typhimurium indicate that the situation is similar in this organism. In E. coli, one possible pathway in which products of the mutH,L,S and uvrD gene products might play a role in the prevention of spontaneous mutations (7, 29) is the postulated methyl-directed mismatch repair system (7, 29, 30) . Since S. typhimurium also has a dam-like function which methylates GATC sequences, it may also have a similar pathway for mismatch correction (9) .
The mutH,L,S and uvrD strains of S. typhimurium exhibited increased sensitivity to mutagenesis with alkylating agents; the mutB mutant did not show this effect. The following two observations argue that this increased mutability is not due to a general increase in the activity of the recA+ lexA+ umuC+-dependent cellular system ("error-prone repair") which processes damaged DNA in such a way that mutations result (15, 47) : (i) the effect is observed with both a recA+-dependent (MMS) and a recA+-independent (EMS) mutagen, and (ii) the effects of the mutators on mutagenesis with various chemicals are different from those of pKM101. Since this plasmid increases mutagenesis in a recA+ lexA+-dependent fashion (42) and suppresses the non-mutability of umuC mutants (44) , we have suggested that it increases the capacity of the cell to carry out some type of error-prone repair (38) .
Models to account for the roles of the mutH,L,S and uvrD gene products must account not only for their effect of reducing the spontaneous mutation rate, possibly by a mismatch correction system, but also for their role in specifically reducing the amount of mutagenesis VOL. 147, 1981 on August 27, 2017 by guest http://jb.asm.org/ Downloaded from caused by methylating and ethylating agents. We are currently considering two classes of models-one in which these gene products participate in the actual removal of alkylation damage from DNA and one in which the mutator gene products reduce the incorporation of incorrect nucleotides opposite alkylated bases in DNA.
In E. coli, there exists an inducible repair system termed the "adaptive response" which protects the cell from killing and mutagenesis from methylating and ethylating agents (14, 32) . One key component of this system is a protein which removes the methyl group from 0P-methylguanine lesions in DNA (27) . The sensitivity of the mutators to mutagenesis by methylating and ethylating agents raises the possibility that a process involved in the maintenance of genetic fidelity, possibly mismatch repair, could share some common mechanistic step with a process which repairs DNA damage by small alkylating agents.
Damage from many methylating and ethylating agents differs from that introduced by UV in that at least some classes of lesions are modified bases, for example, 06-methylguanine or 04-methylthymine, which can pair with an incorrect base at the time of DNA replication. A second class of model for the action of the S. typhimurium mutators discussed in this paper would be that they participate in a methyl-directed mismatch repair system. This system, operating at the replicating fork, might serve to reduce the net incorporation of incorrect bases which were introduced into the DNA as a consequence of alkylated bases in the template strand.
